Abstract: A significant body of evidence has accumulated suggesting that individual variation in intellectual ability, whether assessed directly by intelligence tests or indirectly through proxy measures, is related to risk of developing Alzheimer's disease (AD) in later life. Important questions remain unanswered, however, such as the specificity of risk for AD vs. other forms of dementia, and the specific links between premorbid intelligence and development of the neuropathology characteristic of AD. Lower premorbid intelligence has also emerged as a risk factor for greater mortality across myriad health and mental health diagnoses. Genetic covariance contributes importantly to these associations, and pleiotropic genetic effects may impact diverse organ systems through similar processes, including inefficient design and oxidative stress. Through such processes, the genetic underpinnings of intelligence, specifically, mutation load, may also increase the risk of developing AD. We discuss how specific neurobiologic features of relatively lower premorbid intelligence, including reduced metabolic efficiency, may facilitate the development of AD neuropathology. The cognitive reserve hypothesis, the most widely accepted account of the intelligence-AD association, is reviewed in the context of this larger literature.
For the purposes of this review, Alzheimer's disease (AD) is defined as a combination of specific brain pathology (Beta-amyloid plaques, neurofibrillary tangles and brain atrophy) associated with behavioral mental impairment sufficient to disrupt everyday life [1] . The disease is currently untreatable and ultimately fatal [1] . The heritability of the late-onset form of AD is .74 [2] . In 2010 around 35 million people worldwide will suffer from AD, and its impact upon caregivers and family members magnifies the number of people affected by this disease [1] . The number of global disease cases is predicted to double in the next twenty years [1] . In the USA alone, the estimated economic cost of AD, matches the total US 2010 defense budget [3, 4] . AD is a disease of older people, and the likelihood of being diagnosed with AD rises steeply in late adulthood. It may affect both sexes equally once age is taken into account [5] , but women over age 80 may be at greater risk than men of the same age [6] . Although AD hits the oldest old the hardest [1] , its cognitive sequelae are distributed unequally across the population. People with lower intelligence, those in lower socio-economic groups, and those with fewer years of education are more vulnerable to the disease [7] .
In this report we first review studies that expose an inverse relationship between intelligence (including some of its proxy measures) and AD, and then take a closer look at the construct of intelligence, its measurement, and its correlates. Before reviewing theories and mechanisms that might help us understand associations between intelligence and AD we *Address correspondence to this author at the Department of Psychology, University of New Mexico, Albuquerque, New Mexico 87131; Tel: (505) 277-4121; Fax: (505) 277-1394; E-mail: ryeo@unm.edu explore the burgeoning research literature linking intelligence with diverse health outcomes. Our hope is that the insights derived from this literature might inform our questions about AD. We comment on the cognitive reserve model, the most widely cited explanation of intelligence effects in the AD literature. These considerations lead to analysis of how individual variations in intelligence might contribute to the neurometabolic processes leading to AD neuropathology. Finally, we mention important evolutionary considerations relevant to AD.
PROPERTIES AND CORRELATES OF INTELLI-GENCE
Intelligence is measured by a range of IQ-type tests (such as the Wechsler Adult Intelligence Scale [8] . It can also measured by extracting a latent factor (called 'g') from a battery of cognitive ability tests [9] ; the g factor was named by its discoverer, the British psychologist Charles Spearman 1863-1945. There is a vast literature on the structure, distribution, development and correlates of g [10] [11] [12] [13] . The key findings relevant here include: by adulthood intelligence is stable, reliably measured, somewhat normally distributed and moderately heritable [10] . The heritability of intelligence rises with age, being ~80% among the oldest old [14] . There is evidence obtained from children that a quantitative trait locus genetic model fits the data well: the genetic influences for mild mental impairment are the same genetic influences that contribute to variation within the normal range [15, 16] . No gene of large effect size (accounting for more than 1 or 2% of the intelligence differences between people within the normal range) has been identified despite intense scientific inquiry [17] [18] [19] [20] . Although intelligence is an apparently good target for molecular genetic research (given its high, apparently additive, heritability), its genetic basis is still unknown.
Genetic research on intelligence is an active field, because intelligence is correlated with so many life outcomes that people value highly [13] . It positively predicts socioeconomic status [21] , educational achievement [22] , occupational status, on the job performance [23] , mate-choice [24] , and life-expectancy [25] [26] [27] . The key life outcome at issue here is AD.
EVIDENCE LINKING INTELLIGENCE TO AD
An early and iconic study of nuns (N=93) found lower incidence of AD at age 80, in those nuns with higher idea density and grammatical complexity (proxy measures of intelligence) exhibited in writing samples obtained at age 22 [28] . In many respects these subjects formed an ideal experimental sample because so many variables (reproductive and marital histories, food, housing, social support, alcohol use, cigarette use, income and education) were held constant across the participants, minimizing the likelihood that such factors contributed to the observed correlation between intelligence in young adulthood and late-life AD. The indicator of intelligence in this study has lower validity, and very likely lower reliability than standard IQ-type tests. This would tend to attenuate the association between intelligence and disease so it is striking that one was found.
In another large study the Moray House Test, a measure of childhood intelligence, was administered to 87,498 children aged ~11 years (Whalley et al., 2000) . People from this cohort who subsequently developed dementia were identified in three ways. The first study identified 67 people who had been diagnosed with early-onset dementia in general hospitals or mental health units between 1974 and 1988. The second study identified 75 people who were diagnosed with late-onset dementia (as indicated in a community health register). The third study identified 8 more people with lateonset dementia from a separate community sample. Healthy non-demented participants were also identified from the 1932 Survey. Lower intelligence test scores in 1932 increased the risk of late-onset AD, but not the risk of early onset AD. One important limitation of this important study was that it did not distinguish cases of AD from those with vascular dementia.
In a follow-up study using similar sampling techniques, performance on the Moray House Test at age 11 was related to risk of vascular dementia, but not AD (McGurn, Deary, and Starr, 2008) . Researchers reviewed each case history then diagnosed vascular dementia using criteria from the International Statistical Classification of Disease and related Health Problems 10 th Revision (ICD-10); diagnostic criteria included abrupt onset, stepwise deterioration, the presence of vascular risk factors, focal neurologic signs, and a history of stroke or transient ischemic attack. Almost half of the identified dementia cases (N = 86) had AD and 32 (18%) had vascular dementia; other cases included 36 (32%) with mixed or other forms of dementia. Premorbid IQ (measured at age 11) differed from non-demented participants only for the vascular dementia cases and a trend (p = .06) was noted for vascular patients to have lower premorbid scores than the AD cases. One limitation of this study, noted by the authors, was the relatively low accuracy, sensitivity, and specificity of the ICD-10 criteria.
Another important study linked premorbid intelligence scores obtained during high school with subsequent development of dementia. Scores on the Otis Self-Administering Test of Mental Ability [29] and the number of school activities mentioned in yearbooks were obtained in a sample of 396 people born from 1944 -1946 (Fritsch et al., 2005 . Fourteen people from this sample were later diagnosed with dementia and another 12 with Mild Cognitive Impairment (MCI). A striking relationship was found between test scores and risk of disease: a one standard deviation increase in intelligence reduced the risk of dementia/MCI diagnosis by one-half. This observed figure might underestimate the true risk, if people with higher intelligence agreed to join in the study at a higher rate (or overestimate the risk if people with lower intelligence participated at a higher rate). After accounting for intelligence, education did not affect disease risk significantly. Participation in more school activities, as determined from yearbook records, was linked with reduced risk of disease independently from intelligence.
Several studies have explored the risk of developing dementia as a function of intelligence tests obtained later in life, but well before a clinical diagnosis. The Framingham study examined neuropsychological performance in a 22-year prospective sample (N=1043) (Elias, Beiser et al. 2000) . During this period 106 people met the criteria for probable AD. Scores on tests of memory and abstract reasoning for these participants, from either 5 or 10 years before diagnosis, were compared to scores from healthy participants who did not meet AD criteria. Lower scores during the dementia-free period predicted the development of probable AD, but level of education did not. A similar finding was reported in a large sample of people with hypertension who were followed prospectively for up to 11 years (Cervilla, Prince et al. 2004 ). Lower scores on three of four cognitive ability tests predicted the onset of dementia during the 11-year interval. In particular, lower scores on Trail Making Test A (a measure of psychomotor speed [30] , the National Adult Reading Test [31] , and Ravens Progressive Matrices (a measure of general intelligence [32] ) each significantly predicted the onset of dementia, while the test of Paired Associate Learning (a verbal memory test [33] ) did not. Level of education did not independently contribute to the prediction of disease risk.
Another way to examine the relationship between intelligence and AD is through prevalence rates among people with significant intellectual disability. People with Down syndrome have an elevated risk of developing AD [34] , which may be caused by mutations in the APP gene on chromosome 21. A recent epidemiological survey of people with intellectual disability (but without Down syndrome) found an elevated prevalence of dementia, as well as earlier age of onset compared to the general population [35] . However, these analyses did not distinguish between AD, dementia with Lewy bodies, or fronto-temporal dementia.
EVIDENCE LINKING PREMORBID ESTIMATES OF INTELLIGENCE WITH AD
Scores on simple reading tests, such as the ability to pronounce irregularly spelled words (such as 'neighbor') are relatively impervious to brain injury and have often been used to estimate premorbid intelligence. In a large popula-tion-based study of elderly people (followed-up by researchers for four years), the development of dementia was inversely related to performance on the Dutch Adult Reading Test (Schmand et al., 1997). People who developed dementia had lower reading scores, as well as lower education levels (these two variables were correlated r = .51), though reading scores were a stronger predictor. Having an occupation that involved being in charge of subordinates was also correlated with reduced disease risk. Participants' level of education made a significant contribution to dementia risk, independently of reading scores though these predictor variables were inter-correlated.
EVIDENCE LINKING LEISURE, LIFESTYLE, AND CULTURAL ACTIVITIES WITH AD
Intelligence also perfuses selection of leisure, lifestyle and cultural activities [36] . We would, therefore, expect that these kinds of activities might be associated with risk of developing dementia and AD -and they are [37] . Participants in the Swedish Adoption/Twin Study of Ageing [38] and the Octo-twin study (both subsets of the Swedish Twin Registry) reported the number and kind of cultural, social and intellectual activities in which they engaged [37] . Participation in intellectual-cultural activities in early and middle adulthood was associated with reduced risk of later AD. Another report suggests that greater midlife cognitive activity (indicated by mailed-in questionnaires about leisure activities) was associated with a 26% reduction in the risk for dementia 20 to 40 years later [39] . Researchers sampled 84 monozygotic and 63 dizygotic twin pairs who were discordant for onset of dementia over a period of three years. Activities such as watching television, listening to the radio, going to movies, theater, art or music performances were described as 'cognitive activities' and were associated with lower disease onset. Consistent with the Swedish twin study above, the odds ratio (effect size) of the cognitive activity predictor was greater in monozygotic twins than dizygotic twins [40] ). The finding that cognitive activity levels reduced dementia onset among the monozygotic twins discordant for dementia may suggest that the activity itself, rather than the underlying intelligence was causal. But another finding from this study -namely that the intelligence of the twin who became demented earlier was significantly lower than the co-twin -questions this suggestion. A larger sample with earlier baseline scores may resolve this matter.
BIOMARKERS OF INTELLIGENCE AND DISEASE
Intelligence is correlated with physical characteristics that are established long before the onset of AD. Some of these traits may also be related to risk of AD. The largest, best replicated biomarker for intelligence is brain volume [41] [42] [43] . Magnetic resonance imaging studies have now demonstrated unequivocally a positive relationship between brain volume and intelligence at around r = .3-.4 [41, 44] . Head circumference (correlated with brain volume r ~ .5, [45] , is also positively correlated with intelligence (r=.16 -.20; [41] . Head circumference is also a helpful candidate for pre-morbid intelligence since it is stable by early adulthood long before most neuropathological change takes place. Finally, height is also associated positively with intelligence, even in childhood [46] . These results are important for Alzheimer research because being shorter is also a risk factor for dementia [47] 
INTELLIGENCE AND NEUROPATHOLOGY
Unfortunately, there are few data that are informative about the relationship between premorbid intelligence and AD neuropathology at autopsy. The 'Nun' study, discussed above, reported inverse relationships between premorbid cognitive ability and neuropathology. Women with low scores on one measure of intelligence (idea density) had more neurofibrillary plaques and tangles in hippocampal regions including cornus ammonis (CA) 1 and the subiculum; the inferior parietal lobule; the middle temporal gyrus; and the middle frontal gyrus [28] . A smaller effect in the same direction was found for the other proxy measure of intelligence (grammatical complexity). Interestingly, the strongest effects were found in the frontal and parietal cortices, brain regions thought to be crucial for the manifestation of intelligence across brain networks [48, 49] . Given the weak association between head circumference and intelligence, it is perhaps not surprising that in a subsequent reanalysis of data from the Nun study, head circumference was found to be unrelated to neuropathological criteria for AD [50] .
A recent study used PET imaging, with a tracer called Pittsburgh compound B (PiB), to investigate the amyloid deposition in vivo in the brains of clinically unimpaired elderly people in relation to early life intelligence [51] . Participants (mean age 74.4) were split into two groups, after imaging, divided by evidence of early amyloid deposition or lack of such deposits. Premorbid ability was assessed with the Wechsler Test of Adult Reading [52] . The mean of the reading scores did not differ significantly between the groups. Thus, there is little direct evidence by which we can judge whether early life intelligence is associated with degree, type, or rate, of neuropathological signs (such as amyloid deposition) of dementia among the elderly. This is an important deficit in our knowledge.
COGNITIVE EPIDEMIOLOGY
In this section we wish to place the intelligence-AD research in the larger context of health research, revealing that intelligence is inversely associated with morbidity and mortality. A large study (N=7476) explored the relationship between intelligence (measured by four subtests of the Armed Services Aptitude Battery) and common illnesses [53] . Of the 33 health problems explored, only three were exceptions to the general rule that higher intelligence was protective. Another report that probed a large number of health-related outcomes was conducted with a sample of Vietnam Veterans N = 3654) [54] . Intelligence was a better predictor of health than smoking, alcohol use, body mass index or drug use. A recent review documents an inverse relationship between intelligence and total mortality (Batty, Deary et al. 2007 ). The largest study to date exposed a negative and incremental relationship between intelligence and all-cause mortality (and coronary heart disease) in a sample of one million Swedish men [55] . The benefit of higher intelligence remained after taking cigarette smoking, body mass index and blood pressure into account. In a study of twins from the Swedish Twin Registry, the genetic contribution to the observed covariance between intelligence at mid life and life expectancy was estimated. Genes that influenced both intelligence and life expectancy accounted for almost all of the overlap [56] .
Similarly, there is abundant evidence that measures of intelligence obtained early in life predict later mental health outcomes. For example, healthy individuals who subsequently developed schizophrenia obtained IQ scores more than a standard deviation below those of individuals who did not develop schizophrenia [57] . Further, 92% of the covariance between schizophrenia and intelligence reflects genetic covariation [58] . Low intelligence is also a risk factor for the diagnosis of attention deficit hyperactivity disorder and genetic factors account for 100% of covariance [59] . Several other cognitive epidemiological studies demonstrate that lower intellectual ability in childhood or adolescence predicts: subsequent psychological distress [60] ; schizophrenia spectrum disorder, depression, and anxiety [61] ; and alcohol and personality disorders [62] . Each of these studies controlled for socioeconomic status (often uncritically considered as the causal agent in these findings). Lifeexpectancy, health and mental health outcomes, change over time in intellectual functioning, and risk of dementia, are correlated with early life intelligence: what are the causal pathways?
IMPLICATIONS OF INTELLIGENCE-HEALTH RE-LATIONSHIPS FOR AD
Parsimony suggests we consider the possibility of the same or similar mechanisms invoked to explain the early intelligence-health outcomes association may underlie the early intelligence-AD association. As noted above, the phenotypic association between early intellectual function and health outcomes largely reflects genetic covariation. That is, one of the reasons for a correlation between early intelligence and health stems from the fact that the same set of genes contributes to both phenotypic outcomes. The same might be true of AD. We suggest that the genes causally related to reduced intelligence are also causally related to increased risk of AD.
One clear implication of this hypothesis is that the genetic architecture of early intelligence and AD should be similar. At a coarse level, there does appear to be some similarity. For each, genetic contributions reflect many autosomal genes, rather than a single major locus; these effects are additive and they account for about 70-80% of phenotypic variance in elderly people [2, 14] . Greater mutation load could plausibly influence early intelligence, health throughout the lifespan, and cognitive decline with advancing age. The number of new mutations per human is not known but a guess based on an empirical derivation of the mutation rate (3 x 10 -8 ) on the Y chromosome is 100-200 new mutations in each person [63] . Mutations mostly harm traits, including intelligence. Since sperm undergoes cell division throughout life, mutations have many chances to arise by the time men are older. Older fathers are associated with several outcomes including children with lower intelligence, more schizophrenia, increased incidence of AD [64] [65] [66] and higher fluctuating anatomic asymmetries [67] [68] [69] . Paternal age effects have also been noted for AD [66] .
If the genetic roots of AD and intelligence overlap, what neurobiological mechanisms might influence both early cognitive development and risk of late-life decline? We suggest two related possibilities. First, greater mutation load or more generally "deleterious genes" may lead to variations in the anatomical development of the brain. Second, they may lead to metabolic inefficiency, specifically, greater oxidative stress. Measures of fluctuating asymmetry predict variations in functional and anatomic brain asymmetry [70] and these measures are hypothesized to reflect mutation load [71] . Gangestad and colleagues (under review) have shown recently that in healthy adults greater oxidative stress is associated with greater fluctuating asymmetry, as well as an increased incidence of birth complications. There is a long history of research and theory linking oxidative stress to AD and aging [72] , though this work is beyond the scope of this review. At this point we wish only to raise the hypothesis that the shared genetic underpinnings of AD and intelligence may produce both inefficient brain design and greater lifelong oxidative stress. These same mechanisms would be expected to impact diverse organ systems, potentially helping to account for the broad range of intelligence-health relationships. With these considerations in mind, let us turn to theories and mechanisms that might help account for associations between intelligence and AD.
THE COGNITIVE RESERVE MODEL
Though the term "cognitive reserve" has become very widely used in the last couple of decades, there is a long history of related ideas in neurology and neuropathology [73] . It is widely invoked to account for two observations -the premorbid intelligence-risk findings, and individual variation in neuropathology among individuals diagnosed with AD. Our major concern centers on the notion of construct validity. Like intelligence, hypothetical constructs such as cognitive reserve should meet several criteria [74] . First, they must be reliably measured. Second, they should demonstrate convergent validity by correlating highly with theoretically related measures. Third, they should demonstrate discriminant validity by being uncorrelated with theoretically unrelated measures. Finally, psychometric measures that meet these criteria should demonstrate unique findings predicted by the theory in which they are embedded. There is no widely accepted measure of cognitive reserve that meets these criteria.
Meanings variously ascribed to cognitive reserve are diverse [47, 75] . Many variables within the cognitive reserve framework are correlated with intelligence. These include education, socio-economic status and cognitively demanding leisure activities [76] , indices themselves suffused with intelligence to differing degrees. There is no statistical test that can distill the intelligence 'juice' out of a measure of education or social class. This does not mean that causes are impossible to resolve, but it does call for novel approaches. The usual tools of multiple regression and structural equation modeling will not suffice (because the inter-correlations between predictor variables suppresses the variance). Since many behavioral indicators associated with cognitive reserve are positively correlated with intelligence and are not meas-ured consistently, hypotheses regarding its relationship to clinical indicators in AD cannot be falsified. In order for the construct of cognitive reserve to be a viable causal mechanism in AD, it must be differentiated from the construct of intelligence which, over a century, has achieved impressive psychometric clarity at the phenotypic level [12, 77] .
Consider one noteworthy and recent effort to quantify cognitive reserve using a measure that combines three different entities: the Vocabulary subtest from the Wechsler Adult Intelligence Scale III, a measure of "education-occupation", and a measure of engagement in cognitive activities [78] . It should be noted that the Vocabulary test from the WAIS III is the single best subtest predictor on the WAIS III of general ability [79] , raising concerns about how well this composite can be discriminated from intelligence. That being said, these combined cognitive reserve measures were found to predict blood oxygen level-dependent (BOLD) fMRI activations during verbal processing [80] . Though a clear step forward in the effort to demonstrate construct validity, two additional steps are necessary. First, it needs to be demonstrated that this measure reflects a unitary construct. Second, it needs to be demonstrated that the summary score predicts the criterion variable (BOLD signals) better than any of the constituent measures.
Quantitative measures of brain anatomy are also sometimes viewed as indicators of cognitive reserve [75] . These are problematic for different reasons than behavioral measures like educational achievement. As a practical matter researchers typically examine one of a host of possible brain measures (such as head circumference, brain volume, number of large neurons, dendritic branching, number of synapses [75] , rather than obtaining multiple measures and evaluating statistically the extent to which these tap the latent construct of interest. This is a second reason why the general theory of cognitive reserve is unfalsifiable: negative results can always be attributed to use of the wrong measure.
Cognitive reserve has also been invoked to account for an interesting observation: among people who have already been diagnosed with AD, those with greater educational attainment sometimes show greater neuropatholology (see Stern, this volume). It is well established that educational attainment and intelligence are highly correlated, and it is possible to interpret the education-pathology relationship among diagnosed patients in terms of premorbid intellectual ability, without invoking the additional hypothetical construct of cognitive reserve. As a thought experiment, consider two people who have been diagnosed with AD, one is one standard deviation above average in intelligence, the other one standard deviation below average. What happens if a uniform cutting score -such as a neurocognitive test battery, establishes the Alzheimer diagnosis? The brighter person must drop further than the less bright person from their baseline score to meet the disease diagnosis threshold. Thus, the brighter person would be likely to have more brain disease than the less bright person for the same diagnostic test scores. In psychometric terms, the relationship between cognitive decline and neuropathology is not moderated by intelligence; there is no evidence for slope bias. Fig. (1) below illustrates these principles.
The question remains, however: what mechanisms explain a link between variation in intelligence and the development of dementia? Here we propose a mechanistic framework for thinking about intelligence and dementia: individual differences in intelligence lead to variation in brain metabolism that causes differential risk of plaque deposition.
INTELLIGENCE TO DEMENTIA: PHYSIOLOGICAL MECHANISMS
The series of neurological events that leads to AD disease is not fully understood, but amyloid plaque deposition is generally believed to initiate the cascade culminating in full AD symptomatology [81] . What starts the -amyloid cascade?
One probable cause of amyloid deposition is increased neural activity. Greater synaptic activity leads to increased extracellular -amyloid levels through vesicle exocytosis [82, 83] . Brain metabolism increases when the brain works harder to accomplish a task. Brain metabolism varies across tasks and between individuals. Brighter people have been shown to solve abstract reasoning problems with reduced brain activation, relative to less bright people. In the earliest PET study using a measure considered to tap g (Raven's Progressive Matrices), correlations between scores on a standard intelligence test and metabolic rates varied from -.48 to -.84, depending upon the brain region [84] . These and subsequent studies have been interpreted such that brighter people need to work less hard because their brains are organized more efficiently (the "neural efficiency hypothesis"), though task type and difficulty level may moderate this relationship [85, 86] . Recent applications of graph theory to network properties of the brain, as determined from both functional connectivity maps [87] and anatomical connections [88] demonstrate that higher psychometric intelligence was associated with a more efficient brain design, further supporting this hypothesis. Of special interest, analysis of functional connectivity during the resting state revealed that shorter path length, especially within the medial prefrontal gyrus, the precuneus/posterior cingulate gyrus, and bilateral inferior parietal regions was associated with greater psychometric intelligence. As discussed further below, these same regions are implicated in AD neuropathology.
Aging, brain injury, and disease make additional demands on brain metabolism, over and above those occasioned by inefficient design [89] . When confronted by these challenges due to injury and disease processes, more widespread brain activations are observed. We posit that cognitive activity typically engaging left prefrontal activation in a healthy, young adult may require bilateral prefrontal activation in an older adult in order to achieve a similar level of performance (see [90] for evidence of age-dependent taskrelated brain activation differences). This altered pattern of brain activation may allow functional compensation, as compared to younger or more intact brains, but at the cost of decreased efficiency. A similar pattern of compensation emerges with traumatic brain injury [91] .
The "metabolism hypothesis" [92] [93] [94] suggests a mechanism whereby regional variations in brain metabolism may be linked with AD pathology. This hypothesis is based on the distinction between brain regions showing increased activation with sensory-motor cognition (the "task relevant network") and those showing reduced activations during sensory-motor cognition (the "default mode network.") Cortical "hubs", or discrete brain regions that are especially highly connected with other brain regions, are largely found in the default mode network. Important hubs include the posterior cingulate and medial prefrontal cortices, as well as the hippocampus and mesial temporal cortex. The default mode network should probably not be construed as reflecting rest or the absence of important processing; rather this network may be critical for activating memories of prior experiences and using these representations for mental simulations, reflections, and planning [92] . Older people, especially those with higher rates of PiB binding on PET, show more activation of the default mode network during cognitive processing [94] . A striking voxel-wise relationship (r = .68) was observed between A deposition and the degree of default mode network connectivity. The cortical hubs may be especially vulnerable to AD pathology due to their continuously elevated baseline metabolism [93] . Thus, the brain regions prone to AD neuropathology show abnormally high metabolism, and when compromised, lead to many of the cognitive deficits that are the hallmark of the disease.
The metabolism hypothesis may also help us to understand other known risk factors. Traumatic brain injury (TBI) is a well known risk factor for AD [95] . As noted above, more widespread metabolic activation is seen following TBI [91] , and more specifically, the default mode network is also inappropriately activated (Mayer et al., under review). Noted earlier was the observation that greater involvement in cognitive activities during mid-life may reduce the risk of AD [37] . The default mode network is deactivated when people engage in an externally-oriented (e.g., environmentally engaging) tasks. This may lead to lower neuropathology and reduced risk of AD. These observations help knit together known risk factors (advanced age, low intelligence, traumatic brain injury, engagement in cognitively demanding activities), patterns of brain metabolism, and AD pathology. More generally, the hypothesis that intelligence influences AD risk partly through association with brain activation and metabolism appears to be parsimonious, and is worthy of further exploration.
In our earlier discussion of intelligence and health outcomes, we cited evidence that mutations could lead to the rather general consequences of inefficient organ design and greater oxidative stress. The impact of inefficient brain design can perhaps be understood through the metabolism hypothesis. What are the effects of oxidative stress? Though speculative, we note two pathways in which individual variation in intelligence might be implicated. First, increased oxidative stress may emerge as a consequence of the greater metabolic activation noted with relatively lower levels of intellectual functioning. Second, oxidative stress may lead to somatic mutations in mitochondrial DNA [96] , which could in turn reduce the brain's energy resources. In this regard it is interesting to note that brain concentration of N-acetylasparate (NAA), a marker of neuronal integrity produced in mitochondria, is positively correlated with psychometric intelligence (Jung et al., 1999; and it is reduced in AD [97] [98] [99] . Higher premorbid NAA may buffer the brain from the consequences of oxidative stress. Mutation load, perhaps through its effects on organ design and oxidative stress, influences not only health outcomes but also the development of AD. Again, this area of research is rich with possibilities for substantial gains in our understanding of mechanistic processes beyond mere correlation.
Of course, there could be other pathways linking intelligence and neuropathology than the metabolic activity pathway. An additional possibility is that lower intelligence mediates the brain's inflammatory reaction to A deposition. Creactive protein is a commonly used marker of inflammation and it has been recently reported that performance at age 11 on the Moray House Test predicts C-reactive protein levels in healthy controls at age 70 [100] . Further, cognitive ability at age 70 was related to C-reactive protein levels, though this relationship became non-significant when early intelligence was taken into account. Higher levels of C-reactive proteins have been found in the brains of patients with AD [101] . Taken together, these observations draw attention to a possi-ble role for microglia in mediating the intelligence-risk relationship.
INTELLIGENCE TO DEMENTIA: EVOLUTIONARY AND GENETIC CONSIDERATIONS
The evolved human genome guides our shared patterns of brain development and aging, as well as our metabolic and physiological responses to brain damage. A closer look at the manner in which genes do their work, and the biological processes producing and maintaining genetic diversity, may provide some insight into the relationship between intelligence and AD.
The proportion of genes expressed in the human brain is not known but is likely large (in mice the figure is around 80% [102] ). If most genes are pleiotropic then harmful mutations that affect one brain trait are likely to disrupt other traits. If the level of genome-wide pleiotropy is large [103] [104] [105] then comorbidity among traits will be found. Comorbidity, empirically, is generally found to be the rule, not the exception [105] . We propose that the empirically observed comorbidity between intelligence and dementias arises partly through variation in mutation load. Mutations are stochastic, heritable, and likely highly pleiotropic. As noted, intelligence is highly heritable in older adults, as is liability to AD. Perhaps part of the association between the two traits arises through mutations that disrupt low-level processes that contribute to the rate of brain metabolism necessary for cognitive tasks. Elsewhere this mutation load proposal has been described as a 'fitness factor' hypothesis [54, 106, 107] . The key notion is that variation in mutation load may account for the diverse comorbidity between traits and diseases that turns up, empirically, in the most unlikely places [108] . Under massive pleiotropy, the entire phenotype could be viewed as an embodied matrix of weakly inter-correlated traits [105] . The inter-correlations emerge from normally-distributed mutations plus pleiotropy and are amplified by behaviors such as assortative mating (which increases the variance in mutation load). Does the fitness factor hypothesis approximate reality to some useful degree? It makes some predictions consistent with empirical evidence: traits that are influenced by many genes (certainly the brain and intelligence) will be genetically associated with multiple behavioral, psychiatric and health-related traits. If genes that contribute to the mechanisms that lead to the neuropathology of AD also contribute to intelligence, then interventions at a very low level of brain description could protect intelligence and lower disease risk. We hope that novel approaches to AD are welcomed energetically since the emotional, psychological, physical and economic costs of the disease are a global burden of tremendous magnitude.
